The adsorption of hydrogen on the c (2 X 2) P-N-covered W(100) surface has been studied with infrared and thermal-desorption spectroscopies. A new dipole-active vibrational absorption due to chemisorbed hydrogen has been discovered. Its center frequency (1738 cm ' for minimal H2 adsorption), isotopic dependence (1252 cm for D2 adsorption and the existence of both lines for HD adsorption), absorption strength versus P-N coverage, and eS'ective dynamic charge e /e") 0. 12e lead to the assignment of the W -H stretch associated with a top-bonded H species. The vibration has been studied in detail on the highly ordered surface characterized by a P-N coverage of 0.5 monolayer: In the zero-coverage limit vibrational decay due to electron-hole pair excitations may provide the dominant contribution to the full width at half maximum of 12 cm '. Away from this limit inhomogeneous broadening, caused by coadsorption of molecular and other atomic species, appears to increasingly contribute to the width, which attains a maximum of 35 cm at saturation.
I. INTRODUCTION
Among the plethora of surface-science techniques which have been used to investigate transition-metalsurface -H systems, the vibrational probes of electronenergy-loss spectroscopy (EELS) and infrared reAectionabsorption spectroscopy (IRAS) have been particularly productive in discerning the nature of the H adlayer. EELS, e. g., has been instrumental in identification of the H-adstom site through a measure of the adsorbed-Hatom normal-mode frequencies. Beyond this both EELS and IRAS have provided essential information on the intra-adlayer and adlayer-metal coupling mechanisms through determinations of vibrational linc width, line shape, and center-frequency shifts upon increasing coverage and/or isotopic dilution. A general feature of H chemisorption which has emerged from these studies is that the H atom prefers to be multiply coordinated, residing in fourfold, threefold, or bridge-bonded sites. Additionally, it seems for these sites that the dynamic coupling between adsorbed-H oscillators is dominated by substrate-mediated electronic interactions. Absent though, from the accumulated data set, is evidence for a simply coordinated top-bonded-H species even though single-metal-atom-H bonds are known to exist in various transition-metal hydride complexes and for H bonded to alumina-supported metal particles.
In the present paper we present a study of hydrogen adsorption on a modified transition-metal surface: W(100) covered by submonolayer atomic nitrogen, henceforth designated P-N/W(100). Using infrared re6ection-absorption spectroscopy the Qrst example of the elusive single-metal-atom-bonded H species in a macroscopic metal-surface environment has been detected and further studied as a function of H coverage, P-N coverage, temperature, and isotopic-H concentration. We find that the W -H symmetric-stretch vibration is characterized by a dynamic charge of e' /"e)0. 12e with a zero-coveragelimit center frequency of 1738 cm ' and 
II. EXPERIMENTAL DETAILS
In the present IRAS setup an f /10 beam of broadband radiation from a Nernst glower is focused through a CsI window onto the crystal at a mean angle of incidence 8=84. The light then exits the UHV chamber and is steered through a linear polarizer (to eliminate the spolarized component) and into the emission port of a Bomen DA3 Fourier-transform interferometer spectrometer where it is modulated (4 cm ' resolution for all data in this study) before striking a narrow band (900 -5000 cm ') Hg-Cd-Te photoconductive detector. In order to minimize the effects of atmospheric water-vapor lines on the spectra, aB sections of the beam path are either under vacuum or are purged with dry N2.
The sample is the same W(100) crystal (6. 1 X 0.6 X 0. 17 cm ) used in previous infrared surface-electromagneticwave (SEW) investigations. ' Details of the sample environment are essentially the same as for those studies except that the crystal holder is now mounted on the bottom of a liquid-N2-cooled eryostat which provides an ultimate base temperature of -88 K. (Temperature is measured with a W -26 at. % Re/W -5 at. % Re thermocouple spotwelded to the top edge of the crystal near the center of its longest dimension. } Upon reinsertion into the UHV chamber after the SEW studies and prior to any IRAS measurements, the sample was baked in 10 Torr of 02 for -5 h at 1520 K with periodic flashes to 2300 K.
This treatment reestablished the low-temperature, clean surface c(2X2) LEED pattern, indicating that the surface was devoid of any C contamination. ' Before each experimental run the sample is again flashed to 2300 K after which it cools to room temperature in -7 min; it is then exposed to Nz. Except where noted below, the sample is subsequently annealed to 900 K for 60 sec in order to produce a c (2X2) P-N/W(100) surface with minimal disorder {see Sec. IIIA). Upon cooling to 100 K two reference spectra are taken. The present LEED data are in general agreement with previous studies" ' ' and After discovery of an infrared absorption in the 1740-cm ' range on the P-N/W(100) surface, verification that it was due to ambient hydrogen was obtained by exposing the P-N/W(100) surface to deuterium, which resulted in a line in the 1260-cm range. Following this a more systematic study using ir and thermal-desorption spectroscopies was carried out on P-N/W(100)+Hz as a function of P-N coverage.
l. Infrared rietermi nation of 0.5-ML P Ncouerag-e
Figure 1 (Ref. 16 ) exhibits the growth of the ir spectrum for a saturation dose of Hz as P-N coverage is increased up to a maximum near 0.6 ML. ' Initially there is one line which is fixed at -1766 cm ' with a width of -35 cm ', but as 8tt~a pproaches maximum coverage, a second line, which is just a slight shoulder at 8t)~= 0.5 ML, becomes distinct at -1790 cm
The curves in Fig. 1 are labeled by the coverage of the P-N layer which is placed on the W surface before Hz exposure. The coverages are determined in the following manner. ' As is evident from Table I, 0.4 L N2 exposure is quite close to a P-N coverage of 0.5 ML since at that exposure the sharpest -, '-order Concurrent with the growth of the infrared absorption of Fig. 1 are drastic changes in the H2 thermal-desorption spectra from the surface. These changes are exhibited in Fig. 3 . ' With greater P-N coverage the clean-surface P, and P2 peaks decrease as three new peaks, marked y', P '" and which produces this peak above y'.
Although it is impossible to completely rule out spurious sources as producing the P', , Pz, and y' peaks, it seems most likely that these features are from the P-N modified W(100) surface. This is substantiated by two observations. The first is that, aside from the extra lowtemperature peak and a sinall broadband piece (the section between the two dashed curves), the clean-surface (8tiN=0) Hz-TD P, ,Pz spectrum is in excellent agreement with previously published curves for Hz/W(100). '9 The second observation is that the clean-surface spectrum smoothly transforms into the 8ti. N=0. 5 ML spectrum as more N2 is added to the surface. It seems unlikely that some other nearby surface, which does not adsorb H2 without preadsorbed nitrogen, would adsorb H2 in the presence of nitrogen.
As shown in Fig. 4 the total amount of hydrogen adsorbed on the crystal decreases as the quantity of P-N is increased. In this figure, as well as the rest of the 6gures which show Hz-TD amounts, the amount of Hz desorbed is in units of monolayers of adsorbed H2 molecules (as is shown below, some of the adsorbed H2 is in atomic and some in molecular form on the surface). The data for this figure include the curves of Fig. 3 and the scale is set by the clean surface W(100)+Hi TD curve of Fig. 3 Fig. 4 comes from the small extra broadband piece located between the two dashed lines in the clean-surface curve of Fig. 3 . The extra nonsample low-temperature peak is eliminated from the measured areas in a manner similar to that shown by the leftmost dashed curve in the bottom trace. These data, along with careful comparisons of other cleansurface and 0&N=0. 5 ML H2-TD data, lead to the assignment of 0.65+0.05 ML of H2 desorbed from the 0.5-ML p-nitrogen surface.
Also plotted in Fig. 4 is the amount desorbed in the y' peak for data including that shown in Fig. 3 ' while that for D2 is only 12 cm The change in peak width is also similar for H2 and D2 adsorption onto the 100-K P-N/W(100) surface. As is evident in Fig. 9 the full width at half maximum (FWHM) increases from -12 to 35 cm ' at saturation for both isotopes although the path taken for D is slightly below that of H. Also drawn in the picture is a dotted curve which is 1/&2 times the solid curve which follows the H data.
Concurrent with the increase in ir absorption is an increase in H2 thermally desorbed from the W(100) surface. Fig. 10 are the areas of the LT-peak, LTbroadband, and HT-peak sections of the TD trace. Both the HT-peak and LT-broadband parts are linear in Of while the LT-peak section shows a marked increase in area at Of =0.7-0.8.
Plotted in
As noted above, more Dz sticks to the surface than does H2. This observation led to the following experi- 3. LT annealing experiments In hopes of determining the well depth of the on-top site, ir measurements were made as the sample temperature was raised above 100 K after initial exposure. It was found that the ir area remaining at a given temperature is largely insensitive to the rate of temperature change over which ir data could be collected. The next attempt was instead to measure the decay of the ir absorption as a function of time at a given elevated temperature, where upon it was discovered that for a given anneal temperature, the ir area decays to a certain finite value and remains there for as long as the sample remains at that temperature.
In addition, cooling the sample back to 100 K effects no increase back towards the initial on-top coverage. Hence, the H atoms are permanently lost to the on-top site once they have been thermally dislodged. Figure 12 After H2 exposure of a OWN=0. 5, 900-Kannealed P-N/W(100) surface at 100 K, the sample is annealed to 140 K until the ir absorption is no longer changing. Plotted is the amount of H2 desorbed during the anneal (see Fig. 14) vs the amount of ir area which disappeared because of the anneal (see Fig. 13 Shown are the amounts desorbed into the LT-peak, LTbroadband, and HT-peak sections of the TD spectra for 0.7 ML exposure of H2-D& mixtures onto a 0&N=0. 5 ML, 900-K- The first question to be answered concerning the ir vibration is whether it is associated with an atomic or Several other experiments were carried out to further elucidate the nature of N2 adsorption on the W(100) surface; the results are shown in Fig. 18 The best evidence that these lower-symmetry sites are not correct is the observation that the integrated intensity of the vibration is not proportional to the P-N coverage. For these two sites a reasonable assumption about their existence is that only one P-N atom is needed per site so that P-N coverage should be proportional to ir-active H coverage. In contrast, for the on-top position the simplest assumption that can be made for its viability is that two nearest-neighbor P-N atoms (which are collinear with the W atom) are needed to produce barriers large enough to keep the H atom out of one of the four neighboring bridge sites. From this it follows if all possible sites are occupied, as depicted in Fig. 20 , then at the lowest coverages 8f/8&N=0. 5 and at 8&N=0. 5 ML, Of /Op N 2.0, so that there is a faster than linear change in 8f with P-N coverage.
As can be discerned from Fig. 2 and is discussed in more detail in the next section, there is a faster than proportional dropoff in f (R/Ro)dv versus P-N coverage as the P-N coverage is reduced from 8&N=0. 5. While not expected for these two low-symmetry sites (and also the fourfold P-N-filled site), this behavior is exactly as expect ed for the on top -site W. hile also reserving the detailed discussion until the next section, the on-top site also explains the leveling off of f (R/Ro)dv plus the appearance of a second line for coverages of P-nitrogen greater than 0.5 ML. Identification of the vibration thus falls on the W -H stretch for H sitting on top of one %' atom situated between two nearest-neighbor P-N adatoms.
B. H as a probe of the P-N layer LEED studies have shown that P-nitrogen tends to form islands at all coverages. " Qualitatively this is also evident in Fig. 1 which shows a constant center frequency versus 8& N at saturation. A constant center frequency is expected (and has been observed ') for island formation since on a local scale (a few lattice sites) the layer is the same as a complete overlayer for most of the adlayer.
A bit more information on the P-N islands can be gleaned from the ir data. As depicted in Fig. 20 , the 8f/8&N ratio is sensitive to the size of the P-N islands. ', respectively; i.e. , the D mode appears even a bit broader than the H mode. Clearly, detailed information on the surface electronic structure of P-N/W(100)+Hz is needed in order to resolve this question of electron-hole pair coupling and decay.
Higher coverages -inhomogeneous broadening
The simplest expectation for the isotopic dependence of a disorder-broadened FWHM is I/&p. This comes, in a ball and spring model, from the assumption of an identical distribution of spring constants independent of the isotopic mass. First consideration of the 8f-dependent FWHM for H and D in Fig. 9 Fig. 11) . (2) In Fig. 16 ir measurement of the N -H-stretch line shape for activated adsorption at higher temperatures might also prove fruitful, especially if other adsorbed species can be excluded so that inhomogeneous broadening can be minimized. ' In Fig. 1 , as well as throughout the rest of the paper, the reflectivity data are plotted as b,R /Ra=1 -(R /Ro) where Ro is the reference reflectivity, taken before adsorption, and R is the reflectivity after adsorption. Hence, positive absorption corresponds to positive bR /Ro. In addition, broadband changes in reflectivity are subtracted out using a linear interpolation between points away from the vibrational line of interest. Thermal-desorption areas were found unsatisfactory for deterrnining the N2 coverage presumably due to adsorption of N2 gas onto surfaces nearby the sample which become warm, and thus desorb N2, whenever the sample is heated. ' The TD areas in Fig. 3 were obtained by electronbornbardrnent heating of the sample from a tantalum filament suspended below the sample. All TD spectra above RT were produced in this manner since there is no simple way to otherwise heat the large crystal in a roughly linear fashion to high temperatures.
The clean-surface P, and Pz features, which are essentially identical to widely published curves, suggest that above-RT spectra are probably not very much affected by the e-beam current. Aside from the nonsample peak, below-RT spectra do not appear to be affected by the electron beam.
See, e.g. , P. W. Tamm and L. D. Schmidt, J. Chem. Phys. 52, 1150 (1970 . In the present vacuum system the decay constant of the pumps (-0.15 sec) is much faster than the time scale over which any of the TD features occur ( -1 sec). Under these conditions the mass spectrometer current is proportional to the rate of the molecules thermally desorbing from the sample so that the area under the TD curve is proportional to the total amount desorbed from the surface.
The heating rate affects the relative amounts of H2 desorbed below RT ( = LT) and above RT ( =HT) especially in the broadband part between y' and P', . The slower the rate, the more is desorbed below RT. The y' areas in Fig. 4 and Table II are determined by assuming that the y' peak is symmetric about its peak. The slightly lower y' H2 area in Fig. 4 com- 
